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Abstract 
Neuronal differentiation from totipotent precursors in vitro, is thought to require two signals: first a biophysical state (cellular 
aggregation) followed by a biochemical signal (retinoic acid treatment). In investigating the properties of retinoic acid-differentiated 
embryonic stem cell lines. However, we noted that retinoic acid treatment without prior aggregation, is sufficient to induce expression of 
the neuronal markers GAP-43 and NF-165. In agreement, immunohistochemistry revealed the presence of GAP-43 positive cells in these 
embryonic stem cell monolayers after three days of retinoic acid (RA) treatment. Furthermore an NF-165 positive subpopulation of cells 
was clearly observed after 4-5 days of RA treatment. The expression of these neuronal markers coincided with the appearance of 
electrically excitable cells, as assayed with whole cell patch clamp recording. We conclude that for neuronal differentiation of totipotent 
embryonic stem cells in vitro, one biochemical signal, i.e. retinoic acid treatment, is sufficient. 
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1. Introduction 
The mechanisms involved in neuronal differentiation 
and development are poorly understood. Valuable knowl- 
edge concerning the underlying mechanisms has been 
gained from in vivo and in vitro studies on the differentia- 
tion of embryonal carcinoma (EC) cells and embryonic 
stem (ES) cells. These cells have the potential to differenti- 
ate in vitro into cells of all three embryonic germ layers. 
The totipotent capacity of these cells is illustrated most 
clearly by their potential to functionally participate in 
normal embryonic development following injection into 
host blastocysts or after aggregation with morula-stage 
embryos, leading to the production of chimeric mice [l]. 
The embryonic stem cells colonize not only the somatic 
tissues of chimeras, but also their germ line [2-51. In vitro 
studies performed on EC and ES cells have demonstrated 
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that neuronal differentiation of these totipotent cells re- 
quires two stimuli: first the cells need to be aggregated, 
which induces specific gene expression (a process possibly 
mimicking compactation during embryogenesis), followed 
by treatment with retinoic acid (RA). After several days of 
RA treatment, a population of different cell types arises, 
including clearly recognizable neurons [6-lo]. 
Embryonic stem cells and certain embryonal carcinoma 
cells resemble cells of the inner cell mass (ICM) of the 
blastocyst stage murine embryo. Differentiation of the 
ICM takes place in the early embryo development and 
primitive endoderm appears on the surface of the ICM 
facing the blastocoelic cavity. A thin basal lamina forms 
on the apical side of the trophectoderm over which some 
cells of the primitive endoderm migrate, differentiating to 
form the parietal endoderm as they proceed. Cells remain- 
ing in contact with the ICM differentiate to form the 
visceral endoderm cells. Therefore, cell-matrix (surface) 
interactions, mediated by integrins, play a descisive role 
during embryonic development [I 1,121. They not only 
mediate the connection between cells and the surrounding 
extracellular matrix, but also transmit specific signals to 
the interior of the cell, a process involving the integrin 
cytoplasmic domains [13,14]. The interactions between 
integrins and laminins can lead to many developmentally 
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relevant processes such as cell proliferation, cell differenti- 
ation and cell migration [ 15-171. In vitro differentiation of 
ES cells induced by aggregation results in embryoid bodies 
containing undifferentiated cells covered with a layer of 
endodetm-like cells. Replating on an adhesive substrate 
leads to the formation of multiple cell types including 
skeletal muscle-, cardiac-, neuron- and haematopoietic-like 
cells in the outgrowth of the embryoid bodies [l&22]. In 
contrast differentiation in monolayer result in non of these 
cell phenotypes indicating induction of different differenti- 
ation pathways, caused by the signals mediated trough the 
cell-cell interactions between the endoderm cells and the 
undifferentiated cells. 
2.2. Western blot analysis 
Crucial, to the above-mentioned two-step hypothesis for 
neuronal differentiation, is that RA treatment without ag- 
gregation is insufficient for establishing this differentia- 
tion. Although the addition of RA to ES cells without prior 
aggregation is reported not to induce neuronal differentia- 
tion [Sl, it is possible that a small subpopulation of neu- 
ronal differentiated cells has remained undetected. We 
decided, therefore, to investigate the properties of RA- 
treated monolayers of ES cells more closely. We found 
that a small part of the ES cell population after RA 
differentiation in monolayer obtained neuronal character- 
istics, as this subpopulation became NF-165 and GAP-43 
positive. Moreover, whole cell patch clamp recording 
demonstrated the presence of electrically excitable cells in 
RA-treated monolayers. We concluded that cellular aggre- 
gation is not required for neuronal differentiation of ES 
cells, and that for neuronal differentiation of totipotent 
precursors in vitro, one biochemical signal (RA treatment) 
is sufficient. 
Protein was extracted from nearly confluent differenti- 
ated (lo-’ M RA) and undifferentiated cell cultures. The 
cells were rinsed with PBS and lysed in Laemmli buffer. 
After being heated for 5 min at 95”C, l/5 of the total cell 
lysate was run on a 10% SDS-polyacrylamide gel. Proteins 
were transferred to Imobilon-P and blots were blocked 
with phosphate-buffered saline plus 0.01% tween and 
0.04% milk powder before being incubated with a mono- 
clonal NF-165 (gift Dr. J. Thomas August, University of 
Iowa) or GAP-43 (Amersham) antibody. Detection was 
with horseradish peroxidase coupled to a secondary anti- 
body utilizing enhanced chemiluminescence (Amersham). 
2.3. Immunqjluorescence 
Monolayers for immunocytochemistry were set up by 
seeding lo3 cells/gelatinized 15-mm plastic coverslips, 
and differentiated with lo-’ M RA for 5 days. Prior to 
labelling, cells were rinsed briefly in phosphate-buffered 
saline (PBS), fixed with 2% paraformaldehyde (in PBS) 
for 15 min, and permeabilized with 0.1% Triton X-100 in 
PBS for 1 min, all at room temperature. After three times 
rinsing in PBS, the fixed cells were preincubated in PBS 
with 0.5% BSA for 1 h. Incubated with the first antibody 
(-NF 1:2500 or -GAP43 1: 1000) in PBS supplemented 
with 10% Normal Goat Serum for 1 h at room tempera- 
ture, rinsed three times in PBS before incubated for a 
further hour with the secondary antibody (-mouse IGG 
(CY3 labelled) in PBS. After rinsing, the coverslips were 
embedded in Moviol, and examined with a fluorescence 
microscope using the TRITC filter set. 
2. Materials and methods 2.4. Electrical recording 
2.1. Cell culture 
Undifferentiated ES-El4 cells , ES D3 cells and ES-5 
cells were cultured in medium containing 80% MEM 
conditioned by Buffalo rat liver cells [23] (BRL-CM), as 
described by Smith and Hooper [24], supplemented with 
20% fetal calf serum and 10m4 M mercaptoethanol 
(Sigma). In brief, ES cells were harvested with 
trypsin/EDTA and then split ratio of 1:5. To induce 
differentiation in monolayer all-trans RA (Sigma) was 
used at a final concentration of 10m7 M. Differentiation by 
aggregation was induced when cultured on a nonadhesive 
substrate or when cultured in hanging microdrops of 
medium placed on inverted lids of Petri dishes 1251. The 
ES cell line ES-5 was isolated from the inner cell mass of 
a non-delayed blastocyst of a 129 Sv strain mouse [26]. 
ES-El4 was a diploid feeder-dependent ES cell line de- 
rived from blastocysts of strain 129/01a mice [271. The 
cell line was adjusted to BRL-CM in our lab. The ES cell 
line D3 was derived from 129/Sv + / + blastocysts [28]. 
Cells were examined using the whole cell configuration 
of the patch clamp technique. The responses were recorded 
through a patch clamp amplifier (designed and constructed 
by the Hubrecht Laboratory). These recordings were con- 
tinuously sampled at 250 kHz by a HP3565 digital anal- 
yser and digitized at 0.9 ms. The data were analysed with 
the help of a HP-apollo 400T computer, as described 
elsewhere [29]. For electrical recording the following 
pipette solution was used: 140 mM KCl, 2 mM MgCl,, 1 
mM CaCl,, 10 mM EGTA, 10 mM Hepes; set to pH 7.1 at 
33°C with KOH. The bath solution was composed of: 140 
mM NaCl, 5 mM KCL, 2 mM CaCl,, 1 mM MgCl,, 10 
mM Hepes, 10 mM Glucose set to pH 7.3 at 33°C with 
NaOH. 
When the neuronal nature of a cell was established by 
electrophysiological characteristics, the cells were chal- 
lenged with a panel of different neurotransmitters and 
neuropeptides, including dopamine (1O-5 M), 5-hydroxy- 
tryptamine (5 . lo- 6 M), kainate (3 . lo-’ M), nora- 
drenalin (norepinephrin 10M5 M), y-aminobutyric acid 
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Fig. 1. Western blot analysis of RA-differentiated ES cell lines. Protein extracts from three different ES lines isolated after 0, 1, 3 and 5 days of RA (lo-’ 
M) were isolated, run on a SDS-polyacrylamide gel system, and blotted on nitrocellulose. Subsequently GAP-43 expression was investigated using 
monoclonal antibodies and enhanced chemoluminescence. 
(GABA 10m5 M), carbachol (lo-’ M), and L-glutamate 
(1O-5 M). The response of the cells to these substances 
was monitored using the whole cell patch clamp recording. 
3. Results 
3.1. Western blot analysis of RA differentiated ES cells in 
monolayer 
ES cells in culture will differentiate to many cell types 
and mimic some aspects of organogenesis when aggre- 
gated and replated on suitable substrates. Generation of 
neuronal cells has been reported to require the aggregation 
process followed by treatment with RA [8]. However, 
western blot analysis of RA-differentiated ES-D3, ES-El4 
and ES-5 cells grown in monolayer, revealed the presence 
of neuron specific proteins (Fig. 1). GAP-43 (also known 
as B50 or neuromodulin), a neuron-specific calmodulin-bi- 
nding protein kinase C substrate [30], was observed after 3 
days of RA treatment in all three ES cell lines. NF-165, an 
intermediate filament specific for neurons [31], was ex- 
pressed in low quantity on day 5 after the onset of RA 
differentiation (not shown). The undifferentiated cell cul- 
GAP-43 
A 
ture was examined morphologically and did not contain 
spontaneous aggregates, thus the cells expressing the neu- 
ronal specific markers did not descend from such cells. 
Also, in RA-treated monolayers no spontaneously-formed 
aggregates were detected. Therefore, the RA-induced ex- 
pression of these neuron specific proteins is independent of 
prior aggregation. Also formation of neuronal-like cells 
after aggregation and replating of E14-ES cells in the 
presence of retinoic acid resulted in expression of the 
neuronal markers GAP-43 and NF-165 detected by west- 
em blot analysis (data not shown). The GAP-43 protein 
expression level was to the same extent as in monolayer 
culture, whereas an enhanced NF-165 protein expression 
was observed. 
3.2. Immunohistochemistr on RA d$erentiated monolay- 
ers of ES cells 
Subsequently, a more detailed analysis of the expres- 
sion of GAP-43 and NF- 165 was performed using im- 
munohistochemistry. For this immunohistochemical analy- 
sis the same antibodies as used for western blot were 
utilized. Both differentiation protocols (aggregation fol- 
lowed by replating and monolayer culture) were applied to 
NF-165 
Fig. 2. Immunohistochemical analysis of GAP-43 and NF-165 expression after 5 days of RA treatment of ES-El4 cells. (A) Phase contrast image (B) 
corresponding fluorescent staining. 
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Fig. 3. Cells with a possible neuronal morphology were selected for the whole cell patch clamp recording after culturing in monolayer in the presence of 
IO-’ M retinoic acid. 
generate neuronal-like cells. After 3 days of RA treatment 
in the three different ES cell lines, up to 50% of the cell 
population was stained with the neuronal specific GAP-43 
antibody. NF- 165 was detected in a very small population 
of cells ( < 5%) around 4-5 days after RA-induced differ- 
entiation (Fig. 2). The GAP-43 protein was located in a 
speckled manner in the entire cytoplasm and was espe- 
cially positive in the small extensions of these cells. Most 
of the GAP-43 positive cells had an endoderm-like pheno- 
type, but a small population of the positive-stained cells 
had a more glial-like morphology, as these were round 
bulged cells with small branched extensions. A significant 
portion (N 50%) of these glial-like cells was NF-165 
positive on day 5 after the induction of RA-dependent 
differentiation. Monolayers fixed at later time points exhib- 
ited an even higher percentage of these glial like cells with 
positive NF- 165 staining (data not shown). We, therefore, 
assume that the glial-like GAP-43 positive cells represent 
neuronal precursors, which upon further differentiation 
start to express NF-165. Also the fixated E14-ES cells 
obtained after aggregation and replating showed intense 
staining for GAP-43 and NF-165 in the distinct neuronal 
cells (data not shown). The pronounced morphological 
difference of the appearance of the neuronal cells was 
clearly confirmed by these immunohistochemical data, in- 
dicating that a small proportion of the ES cells differenti- 
ate in the neuronal direction under monolayer conditions. 
3.3. Electrical properties and action potentials in ES cells 
Before studying possible neuronal differentiation of ES- 
E 14 cells in monolayer cultures using electrophysiological 
Fig. 4. Whole cell patch clamp recording of a RA-differentiated (5 days) ES-El4 cell. A representative whole cell patch clamp trace shows the presence of 
depolarization-induced inward currents, The voltage protocol is depicted at the top of the figure. The traces have been corrected for leak and capacitive 
currents. 
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Table 1 
Neurotransmitter responses in neuronal-like cells formed after aggregation and replating (A) or in monolayer (B) both in the presence of lo-’ M retinoic 
acid 
5-HT GABA KA L-Glu NA DA Garb 
A (n = 4) 260 + 25 291 dz 34 280 f 130 149 * 27 167 + 9 76+ 16 0 
B (n = 5) 361 + 518 316*84 642 +- 314 331 k 298 0 231 + 69 355 + 89 
The average stimulus-induced current (PA) are depicted. Neurotransmitters are abbreviated as follows: 5.HT, 5-hydroxytryptamin; GABA. y-aminobutyric 
acid; KA, kainate; L-Glu, L-glutamate; NA, noradrenalin; DA, dopamin; Carb, carbachol. 
methods, we first confirmed that ES-El4 cells have the 
capacity to evolve into electrically active neurons. To this 
end, ES-E 14 cells were aggregated and subsequently treated 
with RA for 3 days. Numerous cells with a neuronal 
appearance were observed in proximity to the RA-treated 
aggregates. When these cells were investigated utilizing 
the patch clamp technique, such neuron-like cells showed 
upon depolarization, fast inward currents followed by more 
slow outward currents. Therefore ES-El4 cells are able to 
evolve into electrical active neurons in vitro, and detection 
of this differentiation is technically possible. 
Subsequently, ES-El4 cells were grown in monolayer 
in the presence of RA for 5 days. For the investigation of 
neuronal differentiation, cells with a possible neuronal 
morphology were selected (Fig. 31, and investigated with 
whole cell patch clamp electrophysiology for the presence 
of active currents. Among 25 RA-differentiated ES-El4 
cells studied, 13 exhibited electrical excitability. Under 
voltage clamp conditions, these cells showed upon depolar- 
ization the large inward currents, followed by the more 
slow outward currents, which underlie the generation of 
action potentials (Fig. 4). Input resistance of these cells 
was between 50 M0 and 200 MR. Also a number of 
ES-5 cells (treated with RA for 5 days) were investigated, 
giving similar results (3 out of 6 cells displaying electrical 
excitability). 
When the neuronal nature of a cell was established in 
this fashion, the cells were subsequently challenged with a 
panel of different neurotransmitters and neuropeptides, 
5-hydroxytryptamin (5-HT), y-amino butyric acid (GABA), 
kainate, L-glutamate, dopamin, noradrenalin, and carba- 
chol. Of these substances only noradrenalin was unable to 
evoke a response (Table 1). Comparing the neuronal char- 
acteristics of neuronal cells formed after aggregation and 
replating we observed that carbachol failed to provoke a 
response whereas noradrenalin showed a stimulus-induced 
current. The stimulus-induced currents in the neurons 
formed after aggregation appeared after 3 days of replating 
whereas 5 days RA treatment in monolayer resulted in 
responses, indicating a delay in the appearance of neuro- 
transmitter receptors in the monolayer treated cells. How- 
ever during the aggregation phase differentiation of the ES 
cells has already been induced so comparison of the 
differentiation time is difficult. These results show that ES 
cells have the capacity to develop into electrically ex- 
citable neurons in monolayer, without requirement of prior 
aggregation. 
4. Discussion 
Several studies have indicated that in general neuronal 
differentiation of EC and ES cells is a two step process, 
first requiring aggregation followed by RA treatment [6- 
lo]. The present study undermines this notion, since un- 
committed ES-El4 cells respond to retinoic acid treatment 
with neuronal differentiation, as demonstrated by biochem- 
ical, immunohistochemical and electrophysiological tech- 
niques. However, this differentiation is less pronounced 
than that observed after prior aggregation of the cells, 
indicating that whereas aggregation is not necessary for the 
development of neurons, it does promote this development. 
The important question, therefore, arises whether the 
molecular mechanisms underlying the formation of neu- 
rons in monolayer are similar or distinct from those which 
are operative after aggregation. The former possibility 
would imply that aggregation serves only to upregulate the 
signal transduction elements for neuronal differentiation. 
In agreement with this notion is that undifferentiated ES 
cells show weak ganglioside (GM3, GMl, and GDla) 
expression [32] and contain glutamic decarboxylase 1 
(GAD11 mRNA 1331, indicating that the regulatory ele- 
ments, required for the expression of neuron-specific genes 
are already present in undifferentiated ES cells. 
After RA differentiation of ES cells in monolayer the 
appearance of neuronal specific proteins was determined 
by Western blot and immunohistochemical analysis using 
antibodies against GAP-43 and NF-165. Up to 50% of the 
differentiated ES cells contained a high amount of the 
GAP-43 protein, localized in the cytoplasm. GAP-43 is an 
intracellular neuronal Growth-Associated Protein enriched 
in axonal growth cones and presynaptic terminals 130,341 
and is described as a specific neuronal protein, involved in 
signal transduction 135-381. The expression of the GAP-43 
protein in a high quantity of cells with an endoderm-like, 
uvomorulin-positive [39], phenotype was unexpected, but 
may reflect, under the highly artificial conditions of in 
vitro differentiation, cells partially committed to different 
lineages. The GAP-43 positive cells which display glial-like 
morphology, seem to represent neuronal precursor cells, as 
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a majority of these cells becomes NF-165 positive. The 
exact mechanism, however, by which a GAP-43 positive 
cell transits to a NF-165 positive neuron awaits further 
elucidation. 
Alternatively, multiple molecular pathways, leading to 
neuronal differentiation, might be operative. In agreement, 
in vivo two different mechanisms for neuronal develop- 
ment exist. Whereas the central nervous system is mainly 
derived from differentiating ectoderm, peripheral neurons 
are generated via differentiation of migrating neural crest 
cells (which occurs much later during embryogenesis). If 
this parallel holds true, it is most likely that the monolayer 
differentiation represents the generation of ectodermal de- 
rived neurons, whereasaggregation might more closely rep- 
resent neural crest-like neuronal differentiation, as aggre- 
gation is known to promote the development of cell types 
which are derived from neural crest in vivo [6- lo]. This 
presents the exciting possibility that ES-El4 cells may be a 
suitable in vitro model to study the similarities and dis- 
crepancies in the molecular mechanisms of ectoderm-de- 
pendent and neural crest-dependent neural development. 
However, initial experiments depicted in Table 1 do not 
elucidate the possible discrepancies between the neuronal 
cells developed out of monolayer cultures or after aggrega- 
tion and replating. 
The present study has shown that the differentiation of 
totipotent cells to electrically active neurons which re- 
spond to neurotransmitters and neuropeptides can be ob- 
served in monolayers of RA-treated ES cells. This observa- 
tion sheds new light on the mechanisms involved in neu- 
ronal differentiation, in contrast to the previously postu- 
lated two-step hypothesis [lo], as one biochemical signal 
(RA-treatment) appears to be sufficient for this differentia- 
tion. These findings might simplify and thereby stimulate 
the investigation of the molecular mechanisms underlying 
neuronal differentiation, because monolayers are experi- 
mentally much more accessible when compared to cellular 
aggregates. Currently, we are employing monolayers of 
differentiating ES-El4 cells for in vitro studies as to the 
effects of overexpression of signal transduction elements 
possibly involved in neuronal differentiation. 
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